We perform the calculation of drag force acting on a massive quark moving through an anisotropic N = 4 SU(N) Super Yang-Mills plasma in the presence of a U (1) chemical potential. We present the numerical results for any real (prolate solution) or imaginary (oblate solution) value of anisotropy and arbitrary direction of the quark velocity with respect to the direction of anisotropy. We find the effect of chemical potential or charge density will enhance the drag force for the prolate solution, and opposite to the oblate solution. On the other hand, as the anisotropy increases, the drag force is enhanced, and the effect of chemical potential strengthens the enhancement.
Introduction
The experiments data in the Relativistic Heavy Ion Collider (RHIC) [1, 2] show that the quark gluon plasma (QGP), as deconfined phase of QCD at high temperature and high charge density, is the strongly coupled fluid rather than the weakly coupled gas of quarks and gluons. Thus the perturbative QCD is no longer reliable and we should explore the non-perturbative calculational methods of QCD.
The AdS/CFT correspondence [3] [4] [5] provides a powerful tool to investigate various strongly coupled systems in condensed matter physics (for reviews, see [6, 7] ) like superconductors [8] [9] [10] , Lifshitz fixed point [11] [12] [13] [14] , Quantum chromodynamics [15, 16] and heavy ion collisions like photon production [17, 18] , elliptic flow [19] , drag force [21, 22] , jet quenching [23, 24] and anomalous transport [25] [26] [27] [28] . Using the AdS/CFT correspondence , we can study the strongly N = 4 Super-Yang-Mills plasma through considering IIB supergravity in AdS 5 × S 5 . One significant result is the calculation of the ratio of shear viscosity to entropy density of QGP, this ratio is universal and equal to 1/4π [20] , which matches the experiment data very well. So the AdS/CFT give a reliable way to investigate the quantities of QGP.
It is well-known that the most important quantities of QGP are drag force and jetquenching parameter. In the context of AdS/CFT [21, 22] , the moving heavy quark in the thermal medium is dual to a probe open string with infinite mass, which is attached to the boundary of bulk space-time and stretch to the black hole horizon. So the dynamics of string can give us the effects of N = 4 Super-Yang-Mills plasma in which quark is moving.
The similar study for jet quenching for N = 4 SYM plasma can be found in [23, 24] , where the jet-quenching parameter was obtained by calculating the expectation value of a closed light-like Wilson loop in the dipole approximation.
In this paper, we will study the moving quark in the anisotropic QGP with chemical potential, since the QGP after creation in a short time is anisotropic and real experiments are done at finite baryon chemical potential. From the point of view of holography, the anisotropic plasma with chemical potential is dual to a anisotropic charged black brane [29, 30] , hence to compute the drag force experienced by an infinitely massive quark, we should consider a string in anisotropic charged black brane. We will show the results analytically and numerically respectively. The discussion for chargeless anisotropic plasma and its energy loss in the framework of AdS/CFT can be found in [18, [31] [32] [33] [34] [35] .
This paper is organized as follows. In Section 2, we briefly describe the construction of the anisotropic charged black brane solution. In Section 3, we calculate the drag force acting on a massive quark moving through the plasma. Furthermore, in the small anisotropy and high temperature limit, we can perform the calculation of the drag force analytically. In Section 4, we show our numerical results for the prolate and oblate anisotropy, respectively.
In Section 5, we conclude with a brief summary of our results.
Note: When this paper is in the preparation, the paper [37] appeared which has some overlap with this paper. The differences between our paper and [37] , are that we consider the drag force for the oblate anisotropy with a 2 < 0 and the large charge case in particular.
Anisotropic charged black brane solution
The AdS 5 part of ten dimensional anisotropic IIB supergravity solution in Einstein frame is given by [30] ,
which was obtained by dimensional reduction on S 5 from the ten-dimensional metric. So we have ignored the metric of the S 5 part that will play no role in the following discussions and our treatment is in agreement with ten dimensional framework.
The spacetime is required to be anisotropic but homogenous, so that the functions φ, F, B and H = e −φ should only depend on the radial coordinate u. The electric potential A t in this metric is expressed as
φ u from the Maxwell equations, where Q is an integral constant related to the charge density. Note that the electric potential has a contribution from the anisotropy through the dilatonic field φ. The horizon and boundary are at u = u H and u = 0 respectively. The asymptotic AdS boundary requires
We can plot the numerical solutions [30] in Figs.1 for both a 2 > 0 and a 2 < 0 cases. We mean prolate and oblate anisotropy, since H(u H ) > 1 for the a 2 > 0 case and H(u H ) < 1 for the a 2 < 0 case.
In the small anisotropy and charge limits, we can obtain the high temperature solution, where
and
where we have used the dimensionless parameter q =
. Here we would like to justify the usage of the the small anisotropy and charge limits. The analytic solution for the nonperturbative charge was given in [29, 30] . Unfortunately, for the analytic computation of the drag force, it is too difficult to determine some critical parameters.
Having the metric of the black brane, we can easily obtain the temperature as
Note that the temperature can not be zero unless a 2 ≤ 0 which corresponds to the "oblate"
case, by contrast, a 2 > 0 corresponds to "prolate" case.
Drag force
On the anisotropic charged brane background, the Nambo-Goto action which governs the dynamics of a probe string is
where T 0 = 1 2πα ′ is the string tension and g αβ ≡ G µν ∂ α X µ ∂ β X ν is induced metric on the two-dimensional worldsheet. X µ (σ α ) are the embedding equations of worldsheet in spacetime. In what follows, we will work in the static gauge, i.e. σ = u and τ = t. Since the plasma is anisotropic, we consider the motions of the string in two different directions x and z, which is corresponding to the quark moving at constant velocity v. It is convenient to set the configuration of string as [33] 
Obviously θ is the angle between z-axis and velocity.
The determinant of g αβ satisfies
so the Lagrangian L = −T 0 e φ/2 √ −g gives the canonical momenta density to the string as
where the prime denotes the derivative with respect to u. Then the equations of motion following from Nambu-Goto action are
Note that in string configuration (8) , the time part of E.O.M is vanish because of time independence. Then after integration of (11), we have
which involve
where the constant C and D are integral constants corresponding to momenta in two directions. Taking (13) back to (9), we can solve the determinant of induced metric as
with
Since e −φ is positive, the right hand side of (14) must be positive everywhere. Then we require
at u = u c where the denominator I(u) vanish, which implies that the integral constants
at u = u c . So the determinant of induced metric can be simplified as
with the choices of
Consequently, the drag forces along the x-direction and z-direction on string are given by
Now we consider the high-temperature solution (3) . Plugging the (3) into (16) , it is easy to obtain u c to order of a 2 :
So, by use of (6) and (20), we can get the drag force
where we have used θ = π/2 and θ = 0 which correspond to x− direction and z− direction respectively and reinstated the factor T 0 = √ λ 2π . Note that the first part of right hand side of (23) is isotropic force in the charged plasma F iso :
We can see from (24) that, in the isotropic case, the drag force in charged plasma is always larger than in neutral plasma at the same temperature. However, for anisotropic case, we will find that it will be dependent on the explicit value of q and a, which can be seen in the numerical analysis. 4 Numerical analysis
Prolate analysis
In charged anisotropic plasma, the angle dependence of drag force in x-direction in units of the isotropic drag force are shown in Fig.2 and Fig.3 . From the first three plots of Fig.2 1 , we can see that F x are monotonically increasing functions of θ when a ∼ T 2 . However, the last plot of Fig.2 illustrates that F x is no longer a monotonically increasing function of θ when a ≫ T . By contrast, Fig.3 shows that the F x at v = 0.9 is no longer a monotonically increasing function of θ when a/T = 12.2. We also find that for charged plasma, with fixed v, F x can be larger than the drag force in the isotropic neutral plasma F iso ≡ F q iso (q = 0) for some interval of θ which depend on Q and a/T , by contrast, F x is always smaller than F iso for chargeless anisotropic plasma. Similarly, we can also plot the angle dependence of drag force in z-direction in Fig.4 and Fig.5 , while F z is always the monotonically decreasing function of θ.
The Fig.6 and Fig.7 illustrate the θ dependence of the drag force F in units of the isotropic drag force at fixed v and a/T . It is easy to see that F x is monotonically decreasing 1 We set u h = 1 in all figures. 2 We also expect the same situation happens as a ≪ T although we do not show it here. functions of θ, and when a/T is greater, the falloff of F is faster.
In Fig.8-Fig.11 , we can see that the drag force F in units of the isotropic drag force diverges in the ultra-relativistic limit v → 1 for any θ = π/2. We can see that F in charged plasma diverges faster than in chargeless plasma. So the anisotropic drag force is arbitrarily larger than the isotropic case in the ultra-relativistic limit. More interestingly, in the large Q limit, the behavior of drag force F becomes identical for different angle θ.
To exhibit the temperature-dependence of drag force more explicitly, we plot the drag force as function of a/T with different Q in Fig.12 and Fig.13 . We can see that, unlike anisotropic neutral plasma, in which the drag force in the transverse direction F x (θ = π/2) is monotonically decreasing function of a/T , F x in anisotropic charged plasma is the monotonically increasing function in the region with a ≪ T and monotonically decreasing function in the region with a ≫ T . However, as shown in the plot of the F z (θ = 0) in Fig.13 , the drag force along the longitudinal direction is always the monotonically increasing function for both neutral plasma and charged plasma. 
Oblate analysis
For oblate black brane background with a 2 < 0, we can also calculate the drag force. The strategy used here is similar to the one used in prolate case except that a is taken to be imaginary value here. In Fig.14, we show the θ dependence of drag force in units of the isotropic drag force. Apparently, F/F iso increases as θ increases at fixed temperature and velocity which is opposite to the prolate solution. Also, as the charge Q increases, the increment of drag force from θ = 0 to θ = π 2 approaches to zero which is also opposite to the prolate solution where the charge Q will enhance the decrement of drag force at any angles. In Fig.15 , for small charge Q, the drag force F is a monotonically decreasing function of v as v increases. However, as the charge Q increases, the drag force F becomes increasing (but not monotonically) as v increases. This indicates that there is a competing relation between the anisotropy and the charge.
The phase structure of prolate and oblate black branes are quite different. The free energy of prolate black brane has similar behavior to the AdS-Schwarzchild black hole [29] .
There is a minimum temperature below which the prolate black brane is not thermodynamically favored but the oblate black brane is always thermodynamically favored for all temperature. Moreover, the oblate black brane solution yields very different thermodynamical properties compared with the prolate black brane [29] , it means oblate :
where we have not included the contribution of the renormalization scheme dependent parameter, and s 0 , Ω 0 , P 0 and µ 0 denote the entropy density, thermodynamical potential, pressure and chemical potential of the isotropic RN-AdS black brane. Therefore, it is not surprising that one find different behavior of drag force for the oblate anisotropy compared with the prolate case. 
Summary
By using AdS/CFT correspondence we have performed the calculations of drag force exerted on a massive quark moving through a charged, anisotropic N = 4 SU(N) Super YangMills plasma. We used the anisotropic charged black brane solution, which is dual to anisotropic QGP with a U(1) chemical potential. For a complete study of the drag force in the anisotropic background, we carried out analytic calculation first and obtain some general expressions for the drag force. Different from the isotropic case, where the drag force in charged plasma is always larger than in neutral plasma at the same temperature, for our anisotropic case, we will find that it will be dependent on the explicit value of q and a, which can been seen in the numerical analysis. For arbitrary anisotropy and charge, we presented the numerical results for any prolate and oblate anisotropy and arbitrary direction of the quark velocity with respect to the direction of anisotropy.
For prolate solution, we find the drag force in the transverse plane always increases, but decreases in the longitudinal direction with respect to the anisotropy. The decrement of drag force in the longitudinal direction is larger than the increment in the transverse direction, thus the total drag force decreases. And the effect of anisotropy and chemical potential will strengthen the increment/decrement of drag force in the transverse/longitudinal direction. On the other hand, it is surprisingly, in the large charge density limit, the velocity dependence of the drag force for different angles become identical. For the oblate solution, the transverse drag force still increases, and the longitudinal one decreases. But the total drag force increases in this case, and the increment decreases as the chemical potential increases. Furthermore, from the velocity dependence, we find there seems a competing relation between the anisotropy and charge density for the oblate solution. We expect the opposite behavior of the oblate drag force to the prolate one might be due to the difference of their thermodynamical properties.
Finally, although we find some interesting behavior for the drag force in the oblate solution, we should emphasize that the physical meaning of oblate solution is not so clear because the imaginary value of anisotropy. So it would be interesting to understand more on the dual theory of the oblate solution. Besides, it is also interesting to consider the energy loss or jet quenching parameter in this anisotropic charged plasma. Another interesting issue to study is the photon production in this anisotropic charged plasma. This is because in this charged background the pressure along the direction of anisotropy is smaller than the transverse one which is similar to the phenomena observed in the heavy ion collision experiments. Therefore, it would be very interesting to study the production of direct photons in this background following the line of [18] .
